We measured the effect of an aerobic exercise session on postprandial glucose control in adolescents with habitually low-physical activity. The goal was to determine if the acute or residual response of exercise was altered in people who are overweight/obese (OW/Ob). Eleven normal weight, body mass index (NW, BMI = 48 AE 13 percentile) and 12 OW/Ob (BMI = 91 AE 5 percentile) participants completed 3 trials. In the no exercise (No Ex) trial, participants rested quietly before and after consuming a test meal. In the other 2 trials, a 45-minute aerobic exercise session was performed either 17-hour (Prior Day Ex) or 40 minutes (Same Day Ex) before the test meal. On all trials, the OW/Ob group had higher fasting glucose (~6%) and insulin (~66%), and lower insulin sensitivity (~9%) than the NW group. The Same Day Ex and Prior Day Ex trials resulted in reduced area under the curve for glucose (6% on both trials, P < .01) and insulin (15% and 13%, respectively, P < .03), and increased insulin sensitivity (8% and 6%, respectively, P < .01). The magnitudes of those effects did not differ between the NW and OW/Ob groups.
We measured the effect of an aerobic exercise session on postprandial glucose control in adolescents with habitually low-physical activity. The goal was to determine if the acute or residual response of exercise was altered in people who are overweight/obese (OW/Ob). Eleven normal weight, body mass index (NW, BMI = 48 AE 13 percentile) and 12 OW/Ob (BMI = 91 AE 5 percentile) participants completed 3 trials. In the no exercise (No Ex) trial, participants rested quietly before and after consuming a test meal. In the other 2 trials, a 45-minute aerobic exercise session was performed either 17-hour (Prior Day Ex) or 40 minutes (Same Day Ex) before the test meal. On all trials, the OW/Ob group had higher fasting glucose (~6%) and insulin (~66%), and lower insulin sensitivity (~9%) than the NW group. The Same Day Ex and Prior Day Ex trials resulted in reduced area under the curve for glucose (6% on both trials, P < .01) and insulin (15% and 13%, respectively, P < .03), and increased insulin sensitivity (8% and 6%, respectively, P < .01). The magnitudes of those effects did not differ between the NW and OW/Ob groups.
Plasma fatty acids declined and carbohydrate oxidation increased after the meal, but did not differ among trials or groups. The results demonstrate that moderate intensity aerobic exercise increases insulin sensitivity in NW and OW/Ob adolescents and that the beneficial effects of exercise last up to 17 hours. The acute impact of exercise on metabolic health in adolescents is not impaired in overweight/obese participants.
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| INTRODUCTION
Adolescent overweight or obesity elevates the risk for developing diabetes and other cardiometabolic diseases, as shown by reduced insulin sensitivity, reduced rates of whole body fat oxidation, and other signs of metabolic inflexibility. [1] [2] [3] However, exercise can reverse many of the metabolic consequences of obesity. In several studies, glucose tolerance and insulin sensitivity were improved in overweight/obese children and adolescents following 8 to 13 weeks of structured exercise, [3] [4] [5] [6] [7] although there are exceptions. 8, 9 In many of those studies, insulin sensitivity improvement was independent of weight loss, demonstrating the effect of exercise per se on glycemic control. [3] [4] [5] [6] Despite those findings, it is not yet clear whether adolescents who are overweight or obese have similar responses in insulin sensitivity following exercise as their normal weight (NW) peers. In one report insulin sensitivity was increased by a similar magnitude in NW and obese adolescents following 12 weeks of aerobic exercise training. 3 In contrast, when NW and overweight girls performed a single aerobic exercise session, the NW group had reduced fasting insulin and maintained higher fat oxidation the following morning, but these effects were not observed in the overweight group. 10 The latter results raise the possibility that the beneficial effects of exercise on insulin action and fuel metabolism in overweight youth might be blunted or more transient at the beginning of an exercise program.
There are, as yet, no other comparisons of insulin sensitivity responses to exercise in NW vs overweight/obese adolescents.
We previously reported that a single session of moderate intensity exercise performed by adolescents with habitually low-physical activity resulted in reduced postprandial glucose and insulin compared to a rest-only condition (11) . Those responses were evident when the test meal was consumed either 40 minutes or 17 hours after completing the exercise. The participants in that report had a range of body sizes and composition. In the current investigation, we increased the number of participants, with the purpose of determining whether the metabolic responses to the single exercise session would be altered in adolescents who were overweight/obese.
| METHODS

| Participants
The eligibility criteria were age 12 to 17 years old, maturational devel- 12 For the current investigation, we included an additional 7 NW and 4 OW/Ob participants who followed the same protocol.
| Study protocol
Each participant completed an initial screening visit and 3 separate experimental trials, as previously described. 12 Children and their parents or guardians provided their informed assent and consent in accordance with the university Institutional Review Board, which approved the study. During the screening visit, a pediatric clinician performed a medical exam to assure that the participant was healthy and met the inclusion criteria. The clinician confirmed that participants had reached puberty but did not determine specific Tanner stage.
Whole body and regional composition of fat and lean tissue was measured using dual energy X-ray absorptiometry (Lunar iDXA, GEHealthcare, Fairfield, CT were not habitual exercisers, and to engage multiple muscle groups.
After completing the exercise, the participants went home for the evening and then returned to the research center the following morning, with a time delay of 16.9 AE 0.2 hours between the end of the exercise and the start of the meal. The timing of the exercise and meal were selected for practical reasons; most participants completed the afternoon exercise session after school, and returned the following morning at the same time as the other trials.
3. Same day exercise trial. After completing baseline resting measurements, the same moderate intensity exercise session described above was performed, with a time delay of 38 AE 3 minutes between the end of the exercise and the start of the meal. The time between the end of the exercise and meal allowed participants a short recovery period, for the nurse to assure that the intravenous line was in place, and for preparation of the meal and testing equipment.
| Trial protocol
All trials were performed following an overnight fast and began with baseline measurement of resting energy expenditure using an indirect NEFA from 0 to 180 minutes after the meal were used to calculate the total area under the curve (AUC) using the trapezoidal method, and the oral glucose insulin sensitivity index. 15 
| Data analysis
Descriptive statistics were computed for all variables and presented as mean AE SD unless otherwise specified. An analysis of variance for repeated measures was used to determine the effect of trial, group, and their interaction on the outcome variables. Bonferroni post-hoc tests were used to determine pairwise differences. Student's t test was used for comparisons between groups for all other variables.
Cohen's d was used to calculate the standardized difference between means (Effect size). Bivariate correlations were used to measure the strength of association among selected variables. P values less than an alpha of 0.05 were considered significant for all tests.
3 | RESULTS
| Participant characteristics
The OW/Ob group had higher values for BMI, total body fat, trunk fat, and fasting glucose, insulin, C-peptide, and systolic blood pressure ( 
| Glucose
Fasting glucose in the No Ex trial was 6% higher (Effect size = 1.0) for the OW/Ob group than the NW group (Table 1) When the NW and OW/Ob groups were pooled, the glucose AUC was reduced by 6% (Effect size 0.6-0.7, P < .01) on both exercise There were no differences between groups in the change in glucose AUC on either of the exercise trials.
| Insulin
Fasting insulin in the No Ex trial was 66% (Effect size = 1.1) higher for the OW/Ob group than the NW group (Table 1) , and this difference was maintained in the other 2 trials. The insulin excursion curves are shown in Figure 2A ,B for the NW and OW/Ob groups, respectively.
On all 3 trials, serum insulin remained higher than the fasting baseline Individual values for the difference in insulin AUC on the exercise trials, relative to the No Ex trial, are shown in Figure 2D . When results from both groups were pooled, insulin AUC was reduced in 74% of participants in the Prior Day Ex trial, and 87% of participants in the Same Day Ex trial, respectively. There were no differences between groups for the change in insulin AUC on either of the exercise trials.
| C-peptide
Fasting C-peptide in the No Ex trial was 50% higher (Effect size 0.9)
for the OW/Ob group (Table 1) , and this difference was maintained in the other 2 trials. The C-peptide excursion curves are shown in Figure 3A ,B for the NW and OW/Ob groups, respectively. Like insulin, on all 3 trials, C-peptide remained significantly higher than the fasting Individual values for the difference in C-peptide AUC on the exercise trials, relative to the No Ex trial, is shown in Figure 3D . Like the insulin response, the majority of participants in both groups (78% in the Prior Day Ex trial, 70% in the Same Day Ex trial, respectively) had a reduction in C-peptide AUC on one or both exercise trials. There were no differences between groups in the change in AUC on either of the exercise trials.
| Insulin sensitivity
In each trial, insulin sensitivity was 8% to 9% lower (Effect size 1.0, The lower insulin sensitivity in the OW/Ob group vs the NW group may be at least partly attributable to trunk fat because the OW/Ob group had nearly twice as much trunk fat than the NW group, and trunk fat was inversely correlated with insulin sensitivity (r = −0.695 for both groups combined). Variation in trunk fat, however, was not associated with the change in insulin sensitivity in response to exercise.
| NEFA
Fasting NEFA did not differ between groups in the No Ex trial (Table 1) or on either of the exercise trials. The NEFA excursion curves are shown in Figure S1A However, as depicted in Figure S1C ,D, there were no differences between trials or between groups for the NEFA AUC.
| Indirect calorimetry
The energy expenditure rate while fasting in the No Ex trial was 24% 
| Analysis of responders vs non-responders
As shown in Figures 1-4 
| DISCUSSION
The results demonstrate that, despite having higher body fat, fasting glucose, insulin, and carbohydrate oxidation, and lower insulin sensitivity, overweight/obese adolescents derive the same acute benefits on glycemic control from a single exercise session as their NW peers.
In response to exercise concluded 40 minutes before the test meal (Same Day Ex trial), postprandial glucose, insulin, and C-peptide AUCs were reduced, and insulin sensitivity was increased compared to a trial without exercise. These responses were largely maintained when measurements were performed 17 hours after exercise (Prior Day Ex trial). Moreover, the magnitude of the responses did not differ between NW and overweight/obese participants.
The current study extends the results from a subset of participants that we previously reported. 12 There is now general agreement that a single exercise session completed up to 24 hours before a carbohydrate-containing meal results in reduced glycemic and/or insulin excursion in adolescents. 10, 16, 17 Cockcroft et al. 16, 17 reported that this effect was independent of exercise intensity. In their studies, NW boys, 14 to 15 years old, had similar reduction in glucose AUC and improvement in insulin sensitivity following either moderate-or higher-intensity exercise bouts. The improvement in insulin sensitivity was observed during oral glucose tolerance tests performed 10 to 40 minutes after exercise 16, 17 and persisted at 24 hours, 16 but not 48 hours after exercise. 16 Zackrzewski and Tolfrey 10 did not measure the acute effect of exercise, but found that fasting insulin and fat oxidation were lower in NW, but not OW girls during a high-glycemic index meal consumed~15 hours after the exercise was completed.
MacEneaney et al. 18 also examined the effects of prior day exercise in adolescents but measured responses to a high-fat meal. They found that both NW and OW boys had lower fasting and postprandial serum triglycerides compared to rest-only trial, but glucose and insulin were unaffected. 18 Collectively, the current and prior studies highlight the short-term benefits of exercise on the regulation of glucose, lipids, and fuel metabolism in NW and OW/Ob adolescents.
A potential reason that the NW and OW/Ob groups had similar metabolic responses to the exercise sessions is that they had similar amounts of lean mass that could be activated during exercise, and similar, low levels of habitual physical activity and cardiorespiratory fitness. None of the participants were engaged in regular exercise or sports, which is reflected in their low-daily ambulation of less than 8000 steps per day. That level of movement falls below the estimated 11 000 to 12 000 steps/day that are required to meet current recommendations for adolescents to achieve 60 minutes per day of moderate-to-vigorous physical activity. 19, 20 Not surprisingly then, cardiorespiratory fitness for both groups were below thresholds for healthy fitness established in studies of American 21 and European In conclusion, the current findings demonstrate that both NW and OW/Ob adolescents with low-aerobic fitness and habitual physical activity respond to a single moderate intensity bout of exercise with improvement in insulin sensitivity that lasts at least 17 hours.
These results support the need to promote daily physical activity in adolescents to improve insulin sensitivity and reduce the risk for cardiometabolic disease.
